Inhibition of caspase-9 reduces chondrocyte apoptosis and proteoglycan loss following mechanical trauma  by Huser, C.A.M. et al.
Inhibition of caspase-9 reduces chondrocyte apoptosis and
proteoglycan loss following mechanical trauma
C. A. M. Huser M.Sc.y*, M. Peacockz and M. E. Davies Ph.D.y
yComparative Orthopaedics Research Group, University of Cambridge, UK
zNeuroscience, University of Cambridge, UK
Summary
Objective: Chondrocyte death, a notable feature of osteoarthritis, may play a role in the initiation of cartilage degeneration. The present study
was aimed at uncovering the nature and involvement of cell death in the initiation of cartilage degeneration induced by mechanical trauma.
Methods: Articular cartilage discs obtained from healthy skeletally mature horses were subjected to a single-impact load (500 g from 50 mm)
using a simple drop-tower device and cultured in vitro for 48 h. Chondrocyte death was examined using two independent methods: transmis-
sion electron microscopy and caspase-3 activity assay. To elucidate the signalling mechanisms involved in impact-induced cell death mea-
sured by terminal deoxynucleotidyl transferase-deoxyuridine triphosphate (dUTP) nick-end labelling (TUNEL), cartilage discs were incubated
with speciﬁc caspase-3, -8 and -9 inhibitors prior to impact. Additionally, weight gain and glycosaminoglycan (GAG) release, markers of car-
tilage degeneration were monitored.
Results: After 48 h, ultrastructural evidence of apoptosis was observed. Caspase-3 was activated after 12 h of culture post-impact. When
quantiﬁed by TUNEL, impact trauma induced death in 52.6% of superﬁcial chondrocytes after 48 h in culture, compared to 4.2% in unimpacted
controls. Speciﬁc caspases-3 and -9 inhibitors signiﬁcantly reduced impact-induced apoptosis to 24.3% and 14.7%, respectively. Caspase-8
inhibition had no effect on chondrocyte death (60.3%). Impact-induced GAG release into the medium was signiﬁcantly reduced by inhibition of
cell death, but weight gain remained unaffected by caspase inhibition.
Conclusion: These results suggest that impact trauma-induced chondrocyte death is predominantly due to caspase-9-dependent apoptosis
and is linked to cartilage degeneration.
ª 2006 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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SocietyIntroduction
Osteoarthritis (OA) is the most prevalent musculoskeletal
disease in humans1, causing pain, loss of joint motility
and function, and severely reducing the standard of living
of patients2. Primary and secondary OA are characterised
by degeneration and loss of articular cartilage3e5. Primary
OA, also referred to as idiopathic OA, is considered to be
the result of insidious age-related ‘wear and tear’ pro-
cesses6, whereas secondary OA develops following acute
trauma7e10. In both cases, disease onset is thought to be
associated with excessive biomechanical stress11e13,
although the mechanisms by which biomechanical joint
trauma leads to OA remain unknown6,9,14.
Early events in the onset of disease include loss of proteo-
glycan from the cartilage extracellularmatrix15 and disruption
of the collagen network16, leading to increased cartilage hy-
dration17,18. More recently, decreased chondrocyte density
and cell death have also been accepted as hallmarks of
OA19,20 and have been suggested as a causal factor in the
initiation of cartilage degradation20e22. Chondrocyte death
has been shown to correlate with OA disease severity21,23.
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Received 24 November 2005; revision accepted 20 March 2006.100In normal healthy cartilage, chondrocytes are well protected
from death by the integrity of their surrounding matrix24, and
reciprocally, chondrocyte death is initiated by matrix degra-
dation25e27. In addition, cell death potentially causes further
matrix degeneration through the release of degradative en-
zymes and the reduction of matrix synthesis28. Chondrocyte
death following traumatic injury has been widely observed in
vivo29,30, as well as in vitro31, being described as necrosis32,
apoptosis8,33,34, chondroptosis35 or a combination of these
processes36e38. However, the precise mechanism of cell
death in secondary OA has yet to be elucidated.
Apoptosis is a highly regulated process, carried out by
members of a family of extremely efﬁcient and speciﬁc cys-
teine proteases called caspases39,40. Caspase-3 is the
main executioner caspase, and is activated in most apopto-
tic programs, in response to initiator caspases such as cas-
pases-8 and -9. Caspase-8 is an initiator caspase induced
by death receptor signalling41, while caspase-9 is an initia-
tor caspase induced by cytotoxic agents such as nitric oxide
(NO), and mitochondrial stress42,43. It requires binding
to the co-factors APAF-1, cytochrome c and adenosine
triphosphate (ATP) to form the apoptosome complex and
hence becomes activated44. Cross-talk between apoptotic
pathways occurs via cleavage by caspase-8 of Bid, which
translocates to the mitochondria to release cytochrome c
and hence activate caspase-945.
In this study, we used an in vitro single-impact load
model46,47, in which OA-like changes develop in response2
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The aim was to determine the extent and nature of
impact-induced cell death and the signalling mechanisms
involved. We also investigated the relationship between cell
death and two markers of cartilage degradation: increased
hydration and loss of proteoglycans.
Materials and methods
CARTILAGE HARVEST
Under sterile conditions, full thickness cartilage explants
(5 mm diameter) were removed from the load-bearing area
of skeletally mature proximal interphalangeal joints of
healthy horses (2e22 years) using a sterile cork-borer and
scalpel. Cartilage was used for the experiments described
in this study if it was free of pathology following macroscop-
ical and microscopical examination. All horses had been
humanely destroyed for reasons other than joint disease,
and other than for the purposes of this study. The explants
were washed three times in sterile phosphate buffered sa-
line (PBS), and incubated in culture medium (Dulbecco’s
Modiﬁed Eagle’s Medium (DMEM; SigmaeAldrich, UK) sup-
plemented with 200 IU/ml penicillin (Invitrogen, UK), 2.5 mg/ml
fungizone (Invitrogen, UK), 100 mg/ml streptomycin (Invi-
trogen, UK), 50 mg/ml ascorbic acid (SigmaeAldrich, UK)
and 10% foetal calf serum (Invitrogen, UK)) at 37(C and
5% CO2 for 4 h to allow stabilisation after dissection.
IMPACT LOADING AND CULTURE OF CARTILAGE EXPLANTS
The cartilage explants were blotted dry, weighed and
then subjected to impact. A single impact was applied to
cartilage explants, articular surface facing downwards,
with a 500 g weight dropped from a height of 50 mm
(0.245 J, w130 MPa) using a drop-tower device as previ-
ously described46e48. This impact protocol gives rise to sec-
ondary osteoarthritic-like cartilage damage46 and induces
an OA-like phenotype, including death of a proportion of
chondrocytes in the superﬁcial zone of the cartilage48. After
impact, the impactor was left on the explants for 5 s to
ensure constant compression conditions. Some explants
remained non-impacted to serve as controls. Cartilage ex-
plants were cultured individually in 24-well plates in 1 ml
of culture medium at 37(C, 5% CO2 in water-saturated at-
mosphere for a maximum of 48 h.
METHODS USED TO EXAMINE CHONDROCYTE DEATH
Transmission electron microscopy (TEM)
Chondrocytes in the superﬁcial cartilage zone, in which
cell death occurs48, were ﬁrst examined by TEM to observe
ultrastructural changes. After 48 h in culture as described
above, six impacted explants and three unimpacted
explants were washed in PBS to remove traces of medium,
and ﬁxed in 4% glutaraldehyde (v/v) for 4 h. They were
washed again in PBS, and the explants trimmed using a ster-
ile size 20 scalpel, leaving only the superﬁcial zone without
any explant edges. The superﬁcial zones were then post-
ﬁxed in 2% osmium tetroxide (w/w) for 2 h at 4(C, followed
by 1 h in 2% aqueous uranyl acetate. The explants were
rinsed three times in distilled water, and dehydrated by pas-
sage through graded ethanols. They were then immersed
twice in propylene oxide for 15 min, followed by 3 h in
a 1:1 mixture of propylene oxide and epoxy resin mix
(TAAB Laboratories Equipment Ltd., UK), and left in 100%resin overnight. The samples were then immersed in fresh
epoxy resin mix for 6 h. They were subsequently embedded
in epoxy resin followed by polymerisation at 60(C for 15 h.
Sagittal sections (90 nm) of the superﬁcial zone were cut
on a microtome, and cell morphology was observed on a
Hitachi H600 transmission electron microscope.
Caspase-3 activity
Caspase-3 activity was determined using PhiPhiLux
G1D2, a ﬂuorogenic caspase-3 speciﬁc substrate (OncoIm-
munin Inc., USA), which, once cleaved, can be visualised
using a speciﬁc ﬁlter for ﬂuorescein (FITC). Cartilage ex-
plants were harvested, impacted and cultured as described
above for 0 h, 12 h, 24 h and 48 h (n¼ 6 per experimental
time point). Unimpacted cartilage explants were cultured
for the same time periods to serve as controls (n¼ 6 per ex-
perimental time point). Cartilage explants were then placed
in individual wells of a 96-well plate, and incubated with
50 ml of PhiPhiLux G1D2 (10 mM) for 1 h at 37(C. Explants
were rinsed three times for 5 min in cold PBS and ﬁxed in
10% formalin at 4(C overnight. The explants were then
embedded in Tissue Tek OCT and snap frozen. Frozen sec-
tions (8 mm) were cut, counterstained with 40,6-diaminido-
2-phenylindole (DAPI, Molecular Probes, The Netherlands)
and examined under a ﬂuorescent Leica DMRXA micro-
scope equipped with speciﬁc ﬁlters for DAPI and FITC. Im-
age capture and analysis were performed with Leica
CW4000 software (Leica, Cambridge, UK).
DETERMINATION OF PATHWAYS INVOLVED IN
IMPACT-INDUCED CHONDROCYTE DEATH
To examine the pathways involved in impact-induced
chondrocyte death, caspases-3, -8 and -9 were speciﬁcally
inhibited prior to impact, and the resulting effect on cell death
monitored by the terminal deoxynucleotidyl transferase-20-
deoxyuridine 50-triphosphate (dUTP) nick-end labelling
(TUNEL). Explants were randomly assigned into ﬁve groups
(each n¼ 18). One group was pre-incubated for 3 h in 1 ml of
culture medium with 200 mM of speciﬁc caspase-3 inhibitor
(Ac-DEVD-CHO, Peptide Institute Inc., Japan), one group
with 200 mM of speciﬁc caspase-8 inhibitor (Ac-IETD-CHO,
Peptide Institute Inc., Japan), and one group with 200 mM
of speciﬁc caspase-9 inhibitor (Ac-LEHD-CHO, Peptide In-
stitute Inc., Japan). The two remaining groups were pre-incu-
bated in culture medium alone to serve as controls.
Following the pre-incubation period, explants were impacted
as described above. One of the groups pre-incubated in cul-
ture medium alone was left non-impacted as controls. Im-
pacted and non-impacted cartilage explants were cultured
in the pre-incubation culture medium at 37(C, 5% CO2 in
water-saturated atmosphere for 48 h. The culture medium
was then collected to measure glycosaminoglycan (GAG)
release using the 1,9-dimethylmethylene blue (DMMB) as-
say, and the cartilage explants blotted dry and weighed
again to determine percentage weight change.
TUNEL
After impact and culture for 48 h as described above, car-
tilage explants were embedded in Tissue Tek OCT (Sakura
Finetek Europe, B.V., The Netherlands) and snap frozen in
liquid nitrogen. Cartilage explant sections (8 mm) were cut
and placed on poly-L-lysine coated slides. TUNEL stain
was used to detect fragmented DNA, a hallmark of cell
death, using the ApopTag kit (Chemicon International,
1004 C. A. M. Huser et al.: Caspase-9 activation following impactUSA) following the manufacturer’s instructions. Fragmented
DNA was labelled with digoxigenin-deoxyuridine triphos-
phate (DIG-UTP) using a TdT enzyme and detected by an
alkaline phosphatase-conjugated anti-DIG antibody (Roche
Diagnostics GmbH, Germany). The colour reaction was de-
veloped with nitro blue tetrazolium chloride/5-bromo-4-
chloro-3-indolyl phosphate (NBT/BCIP, Roche Diagnostics
GmbH, Germany) to stain TUNEL-positive cells dark blue.
Safranin ‘O’ stain was used as a nuclear counterstain to de-
termine the total cell number, as previously described48. In
the superﬁcial zone of each section (upper 150 mm), the to-
tal number of cells and the number of TUNEL-positive cells
were counted blindly. The percentage of TUNEL-positive
cells was subsequently calculated after viewing three
sections per explant.
DETERMINATION OF EXPLANT WEIGHT CHANGE
Cartilage explants were blotted dry and weighed on a Sar-
torius MC 210P ﬁne balance prior to impact, and following
culture for 48 h as described above. The percentage weight
change of cartilage explants was calculated by dividing the
change in weight of each explant by the initial weight and
multiplying by 100. Typically, the coefﬁcient of variation
for weight measurements in mg was 1.3%.
DMMB ASSAY
The DMMB assay was used to determine the amount of
GAG released from the cartilage explants into the culture
medium, as previously described49. Culture media from
each experimental group were diluted ﬁve times with
DMEM. Shark chondroitin sulphate C (SigmaeAldrich,
UK) standards were made at concentrations ranging from
0 to 150 mg/ml, in 10 mg/ml intervals. Standard and diluted
samples (10 ml) were mixed with 200 ml of DMMB reagent
(46 mM dimethylmethylene blue, 40 mM glycine, 40 mM so-
dium chloride, pH 3.0) and the absorption read at 490 nm
after 3 min. The amount of GAG released/mg of cartilage
was calculated. Typically, the coefﬁcient of variation for
GAG measurements in mg/mg cartilage was 2.6%.
STATISTICAL ANALYSIS
To account for the variability which may exist between ex-
plants originating from different horses, a two-way analysis
of variance (ANOVA) (P< 0.05) was performed for eachparameter. Levene’s test was used to determine equality
of variances. Tukey’s test was used for post hoc analysis if
variances could be assumed equal (P> 0.01), and Taha-
me’s test was used otherwise. The reported values are
means standard deviation. Spearman’s rho correlation
was used to detect links between age or gender and the vari-
ables analysed (P< 0.05).
Results
TEM
In control non-impacted explants, the morphology of the
chondrocytes appeared normal23. Intact cells, displaying
characteristic microvilli at the cell surface, occupied fully
the lacunae space [Fig. 1(A)]. Their nuclei were normal,
with uncondensed chromatin, and their cytoplasm ﬁlled
with abundant organelles. However, in impacted cartilage,
many chondrocytes (approximately 70% of visualised cells)
in the superﬁcial zone showed evidence of apoptosis23, as
characterised by cell shrinkage and reduced cytoplasm vol-
ume, causing retraction of the cell membrane and loss of
microvilli [Fig. 1(B)]. It is important to note that the value
of 70% is an approximation due to the low number of cells
visualised by TEM. Other characteristic apoptotic features
observed were nuclear blebbing, chromatin condensation,
and the development of many small apoptotic bodies, which
were accumulated in the lacunae and interterritorial space.
Similar numbers of apoptotic chondrocytes were seen in the
superﬁcial zone in all six impacted explants. However,
some of the ultrastructural features observed in these chon-
drocytes were not representative of classical apoptosis,
such as the distorted nuclei, the irregular, fragmented pat-
tern of chromatin condensation, and the small size of the
apoptotic bodies. No evidence of typical necrotic cell death
was observed in any of the explants.
CASPASE-3 ACTIVITY
Intracellular caspase-3 activity was detected in superﬁcial
chondrocytes at or near areas of extracellular matrix dam-
age after 12 h of culture in impacted explants [Fig. 2(C,
D), arrows]. Cleavage of the speciﬁc caspase-3 substrate
was visualised as bright green intracellular ﬂuorescence in
impacted cartilage samples using a FITC ﬁlter [Fig. 2(B,
D)]. The blue nuclear counterstain DAPI was added to visu-
alise the total cells present [Fig. 2(A, C)]. Similar resultsFig. 1. TEM photomicrographs of individual chondrocytes in sections of superﬁcial cartilage explants cultured for 48 h. (A) Healthy chondrocyte
in unimpacted control (5000). (B) Apoptotic chondrocyte in an impacted cartilage explant (6000), showing evidence of nuclear blebbing (*)
and apoptotic bodies (arrows). N¼ nucleus.
1005Osteoarthritis and Cartilage Vol. 14, No. 10Fig. 2. Representative histological sections of cartilage explants incubated with the speciﬁc caspase-3 substrate PhiPhiLux G1D2 (green), and
counterstained with DAPI (blue), after 12 h of culture. A and B are unimpacted controls, C and D were impacted. A and C are merge images of
DAPI and PhiPhiLux signals, B and D are PhiPhiLux G1D2 signal only. White arrows point to cells where caspase-3 is active. Original mag-
niﬁcation 400.were obtained for all six cartilage samples examined at this
time point. In non-impacted controls, no caspase-3 positive
staining was detectable [Fig. 2(A, B)]. Caspase-3 activity
was not detected in either non-impacted or impacted ex-
plants at 0 h, 24 h and 48 h in culture (data not shown).
DETERMINATION OF PATHWAYS INVOLVED IN
IMPACT-INDUCED CHONDROCYTE DEATH
Using data obtained from 12 horses aged 2e22, no corre-
lation was found between age or gender and the percentage
of TUNEL-positive cells, the amount of GAG released into
the medium, or the percentage weight change (P< 0.05).
Effect of specific caspase inhibition on cell death
TUNEL-positive chondrocytes were prominent in im-
pacted cartilage explants as visualised by the positive
dark-blue TUNEL colour reaction, especially around matrix
ﬁssures [Fig. 3(B)]. Chondrocytes in control non-impacted
cartilage did not stain positive for TUNEL but were identiﬁed
by the pink Safranin ‘O’ counterstain [Fig. 3(A)]. In cartilage
explants pre-incubated with speciﬁc inhibitors of caspase-3
[Fig. 3(C)] and caspase-9 [Fig. 3(E)], the prevalence of TU-
NEL-positive cells was reduced. However, TUNEL-positive
cells remained predominant in explants pre-incubated with
the speciﬁc caspase-8 inhibitor [Fig. 3(D)]. The percentage
cell death after 48 h in culture was found to be low (4.2%) in
control non-impacted explants, but increased signiﬁcantly in
impacted explants (52.3%, P< 0.001) (Fig. 4). Thepercentage of TUNEL-positive chondrocytes observed
was unaffected by the caspase-8 inhibitor (53.9%,
P¼ 1.000), but it was signiﬁcantly reduced by both the cas-
pase-3 and caspase-9 inhibitors, to 24.3% (P< 0.001) and
18.3% (P< 0.001), respectively (Fig. 4).
Effect of specific caspase inhibition on weight gain
and GAG release
The percentage weight gain was signiﬁcantly increased
from 0.7% in control non-impacted explants to 19.4%
(P< 0.001) in impacted explants. This increase in weight in-
duced by impact was unaffected by all caspase inhibitors
tested (P¼ 0.998, P¼ 0.969 and P¼ 0.438 for caspase in-
hibitors-3, -8 and -9, respectively) (Fig. 5).
The amount of GAG released into the media after 48 h of
culture was signiﬁcantly increased from 12.6 mg/mg in con-
trol to 24.1 mg/mg in impacted explants (P< 0.001) (Fig. 5).
Although neither of the speciﬁc caspase-3 and caspase-8
inhibitors had an inﬂuence on the amount of GAG released
(21.2 mg/mg, P¼ 0.750 and 19.2 mg/mg, P¼ 0.246, respec-
tively), the caspase-9 inhibitor signiﬁcantly reduced the
amount of GAG release to control levels (16.0 mg/mg,
P¼ 0.009) (Fig. 6).
Discussion
It is known that mechanical loads representative of trau-
matic joint injury induce cell death in vitro8,29,31,50 and
1006 C. A. M. Huser et al.: Caspase-9 activation following impactFig. 3. Representative histological sections of cartilage explants showing effect of a single-impact load and subsequent culture for 48 h on
chondrocyte death. TUNEL-positive cells appear dark blue (dead), and live cells appear pink due to safranin ‘O’ nuclear counterstain. (A) Un-
impacted control. (BeE) Impacted from 50 mm, and pre-incubation with DMEM (B), caspase-3 (C), caspase-8 (D) and caspase-9 (E) inhibitors
3 h prior to impact. Original magniﬁcation 500.in vivo29,30, and that the extent of chondrocyte death is cor-
related to impact stress51. In addition, it has been shown
that chondrocyte death contributes to the early processes
of cartilage degeneration in OA52. However, the exact mo-
lecular mechanisms leading from impact to chondrocyte
death, as well as the importance of chondrocyte death in
the initiation and progression of articular cartilage degrada-
tion remain unclear.
Since we have established an in vitro model using carti-
lage explants to investigate the effects of impact trauma48,
we used this same model in the present study to elucidate
the mechanisms of chondrocyte death due to mechanical
trauma. Although this model cannot replicate exactly the
in vivo situation, the simplicity of the model makes it ideal
as a screening tool to identify the pathways involved in
chondrocyte death, and test potential therapeutic agents.
Although various types of cell death have been described
in injured cartilage8,31e35, the focus is now turning towards
programmed cell death, with apoptosis being the most likely
mechanism. In the present study, the combination of results
obtained with TEM and the caspase-3 activity assay led us
to the conclusion that the single-impact load model used in-
duces apoptosis, particularly in chondrocytes adjacent to
sites of extracellular matrix damage at the articular surface.
This ﬁnding in the equine pastern joint, as well as the per-
centage of apoptotic cells detected, is consistent with previ-
ous reports describing impacted human29,53, bovine33,50
and leporine30 cartilage. Electron microscopical analysis
of the chondrocytes demonstrated the characteristic ultra-
structural features of cell shrinkage, loss of microvilli,
nuclear blebbing, chromatin condensation and formation of
apoptotic bodies as described for chondrocytes dying by
apoptosis in osteoarthritic cartilage20. Apoptosis is known
to be mediated by the activation of a cascade of cytosolic
cysteine proteases called caspases54, which is one of the
earliest and most consistently observed features. Thus, fur-
ther evidence for apoptosis as the mechanism for cell death
in the impacted pastern was provided by the data from thecaspase-3 activity experiments. Additionally, the delay in
the appearance of cell death, combined with the observed
lack of amorphous nuclear debris and the apparent involve-
ment of caspases appears to eliminate necrosis and chon-
droptosis35,55 as possible mechanisms of impact-induced
cell death in the present study.
Although the involvement of caspases in the induction of
chondrocyte death following a single-impact load has
already been demonstrated using broad-spectrum caspase
inhibitors, the present study is, to our knowledge, the ﬁrst to
investigate the precise roles of caspases-3, -8 and -9. By
observing the effects of speciﬁc caspase inhibitors on cell
death as measured by TUNEL, we have clearly demon-
strated that the impact-induced cell death, in our model,
Fig. 4. Effect of a single-impact load and pre-incubation with spe-
ciﬁc inhibitors of caspase-3 (C3), caspase-8 (C8) and caspase-9
(C9) on the percentage of TUNEL-positive chondrocytes in the
superﬁcial zone after 48 h in culture. *Represents a signiﬁcant
difference from 0 mm non-impacted control , and #represents a sig-
niﬁcant difference from 50 mm impacted, untreated control
(P< 0.05).
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(see Fig. 7 for proposed pathway) and that caspase-8 is
not involved. This presumably eliminates the receptor-medi-
ated extrinsic pathway of apoptosis initiation, and favours
the intrinsic pathway of apoptosis, via release of mitochon-
drial cytochrome c. It is particularly interesting as it has
recently been shown that IL-1b, a potent mediator of
inﬂammation and cartilage destruction in OA, initiates apo-
ptosis in a chondrocyte cell line by a pathway involving
the mitochondrial stress and NO43, agents which induce
apoptosis through the activation of caspases-9 and caspase-
3, but not caspase-8.
Interestingly, some of the ultrastructural features such as
the distended nuclei, the irregular, fragmented pattern of
chromatin condensation, and the small size of the apoptotic
bodies may indicate that the chondrocytes do not die of
‘classical’ apoptosis, but rather of a caspase-dependent ap-
optosis-like programmed cell death, as recently termed by
Leist and Jaattela56. In most cell types, apoptosis usually
occurs within hours following onset57,58. The 48 h delay ob-
served in this model48 therefore also strengthens the hy-
pothesis that it is not ‘classical apoptosis’ that is initiated
following a single-impact load. It might be of relevance
that intracellular antioxidant capacity has recently been
Fig. 6. Effect of a single-impact load and pre-incubation with inhib-
itors of caspase-3 (C3), caspase-8 (C8) and caspase-9 (C9) on the
amount of GAG released into the media (mg/mg of cartilage) after
48 h in culture. *Represents a signiﬁcant difference from 0 mm
non-impacted control (P< 0.05).
Fig. 5. Effect of a single-impact load and pre-incubation with inhib-
itors of caspase-3 (C3), caspase-8 (C8) and caspase-9 (C9) on the
percentage weight gain of cartilage explants after 48 h in culture.
*Represents a signiﬁcant difference from 0 mm non-impacted control
(P< 0.05).shown to decrease following a similar time course in chon-
drocytes subjected to high shear stress59. This changing re-
dox status over 48 h under mechanical loading is a key
determinant of programmed cell death, being linked to mito-
chondrial depolarisation and apoptosis along the caspase-
9-dependent pathway60,61. More studies are needed to
determine the mechanisms leading from mechanical trauma
to caspase-9 activation. Alternatively, impact may induce
several pathways leading to cell death, including both caspase-
dependent and independent mechanisms, which would
explain the partial cell death inhibition using caspase inhib-
itors, as well as the evidence for caspase-independent cell
death found by Clements et al.62.
The loss of GAG from the matrix is a distinctive feature of
OA15, and a well-used marker of cartilage degenera-
tion29,53,62. GAG release into the medium is increased
following a single-impact load, and is associated with
chondrocyte death following impact8,48,63 and in OA52. In
this study, the link between GAG release and chondrocyte
death was reinforced by the fact that the prevention of cell
death obtained by caspase-9 inhibition reduced the amount
of GAG released from the explants, as previously found in
human and bovine explants treated with a broad-spectrum
caspase inhibitor8,53. Prevention of impact-induced chon-
drocyte death is therefore chondroprotective. This observa-
tion demonstrates that a direct and quantiﬁable link exists
between chondrocyte death and loss of proteoglycans, so
Fig. 7. Sequence of cellular events leading to apoptosis-like chon-
drocyte death following a single-impact load in equine articular car-
tilage explants, as hypothesised from results obtained in this study.
A single-impact load leads to yet undetermined cellular stress,
which results in caspase-9 activation. Caspase-9 then activates
the effector caspase-3, which directly causes apoptosis-like cell
death.
1008 C. A. M. Huser et al.: Caspase-9 activation following impactthat rescuing chondrocyte death can signiﬁcantly reduce
that aspect of cartilage degradation. In addition, this conclu-
sion also reinforces the idea that chondrocyte death has
a deﬁnite role in the initiation of cartilage degeneration in
post-traumatic OA.
The mechanisms linking chondrocyte death and proteo-
glycan loss need to be further investigated. However, it
can be suggested that degradative enzymes are released
by the apoptotic-like death of chondrocytes, either directly
into the surrounding extracellular matrix, or via the produc-
tion of apoptotic bodies which carry the degradative
enzymes. On the other hand, the loss of chondrocytes
through apoptosis may result in a local reduction in prote-
ase inhibitor production, leading to an increased matrix
catabolism.
Weight gain of cartilage explants, reﬂecting increased hy-
dration, is an indirect indicator of collagen II matrix integ-
rity48,64,65. Matrix integrity was therefore lost upon impact,
as seen by the increase in percent weight gain of cartilage
explants, but none of the caspase inhibitors was able to sig-
niﬁcantly rescue this 48 h after impact. Further studies are
needed to determine whether inhibiting impact-induced
chondrocyte death would be able to rescue extracellular
matrix degradation over a longer time course.
To the authors’ knowledge, the present study is the ﬁrst to
investigate the speciﬁc roles of caspases-3, -8 and -9 in
impact-induced cell death following a single-impact load.
Interestingly, the results indicate that a single-impact load
speciﬁcally induces the activation of the intrinsic apoptotic
pathway, involving caspase-3 and caspase-9 but not that
of the extrinsic apoptotic pathway which involves cas-
pase-8. The elucidation of the exact molecular pathways
leading to the activation of the intrinsic apoptotic pathway
following a single impact will lead to a better understanding
of the disease mechanisms of OA, which is necessary for
the establishment of better targeted therapeutics.
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